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ABSTRACT
For the first time, this study shows that distortion in a crystal structure due to magnetic effect is
possible in a lattice with extreme chemical disorder. The multicomponent equimolarâĂŞtransition
metal oxide (ME-TMO), (Co,Cu,Mg,Ni,Zn)O, which is a high entropy oxide, has been attracting a lot
of attention due to its unique application potential in many fields including electrochemical energy
storage. In the present investigation, nanocrystalline ME-TMO was synthesised by three bottom-up
methods. The presence of distortion in the rocksalt crystal structure, revealed by X-ray diffraction
and Raman spectroscopy, and correlated with magnetic measurements from SQUID and EPR studies
could be attributed to the additive effects of exchange striction (from the magnetic constituents) and
magnetic anisotropy (from the decreased crystallite size). For the first time, iron has been doped into
ME-TMO, to show that a higher amount of magnetic constituent increases the distortion in the lattice.
Nanocrystalline ME-TMO also showed a âĂĲcore-shellâĂİ magnetic behavior below the bifurcation
temperature arising from the uncompensated or canted spin at the surface. Neel temperature of the
nanocrystalline ME-TMO is reported for first time to be as high as 700 K. This study helps unravel
the structure and magnetic properties of such high entropy materials, and augurs a definite scope for
better understanding of the factors influencing the crystal structure in high entropy oxides.
1. Introduction
The (Co,Cu,Mg,Ni,Zn)Omulticomponent equimolar tran-
sition metal oxide (ME-TMO) has been garnering a lot of
interest in the past few years ever since Rost et al.[1] re-
ported, for the first time, the formation of a phase-pure rock-
salt structure that was stabilised by entropy. Thereafter, such
transition metal based âĂĲhigh entropy oxidesâĂİ (HEO)
having 5 or more cations have attracted the research com-
munity due to the prospect of synergistic functional proper-
ties such as high dielectric constant of 3000 with low loss at
room temperature and as an excellent cathode material for
Li-ion batteries with high specific capacity and stability of
more than 500 cycles.[2, 3] However, in all these cases the
crystal structure of the ME-TMO has been reported to be of
the (fm3m) rocksalt structure with minor deviations being
explained by the Jahn-Teller effect.[4] In this investigation,
an attempt was made to understand and explore the other
possible factors that would result in a phase-pure distorted
rocksalt (or monoclinic) structure in the ME-TMO by sys-
tematic characterisation using different structural and other
analytical tools.
In an ME-TMO system there could be at least three fac-
tors that cause a lowering of symmetry in the crystal struc-
ture. For example, antiferromagnetic ordering in the lattice
has been reported to cause distortion in the rocksalt lattice
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as in the case of intrinsic oxides of NiO and CoO.[5] Hence,
it is speculated that similar factors could cause distortion in
the present ME-TMO structure due to the presence of Ni and
Co. This kind of geometric frustration due to antiferromag-
netism has also been observed in other rocksalt structures
such as Li3Mg2RuO6.[6] Jahn-Teller distortion in the systemwould be a second factor.[7] Finally, the presence of multiple
ions with differing bond lengths would also cause distortion
in the structure.
Some of the principal constituents such as NiO and CoO
have a pseudo-cubic structure with a little distortion below
its Neel temperature.[8, 9, 10, 11] However, above the Neel
temperature, the distorted cubic structure system stabilises
into an NaCl (rocksalt) lattice arrangement. NiO and CoO
exhibit type II antiferromagnetic structures due to the order-
ing of spin states, as described by Roth et al.[8] The low-
ering of symmetry in the antiferromagnetic state is caused
by two factors: exchange striction and magnetostriction.[12]
The trigonal distortion in the structure of systems such as
NiO and CoO in the antiferromagnetic (AFM) state has been
well studied.[5, 8, 12] Exchange striction is change in the
volume of the unit cell resulting from a lowering of the ex-
change interaction energy by an increase in the interatomic
distance.[13] Magnetostriction, on the other hand, is the vol-
ume change caused due to the magnetic anisotropic energy
and depends on the orientation of themagneticmoment. Bean
et al.[14] developed a theoretical relationship for the free en-
ergy of a magnetic material based onmolecular field approx-
imation, which shows that change in the volume due to the
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exchange interaction increase reduces the free energy of the
structure and Bartell et al.[15] have shown that the equilib-
rium change in angle and lattice parameter is proportional to
the J interaction, and the free energy is reduced when there
is change in the volume of the structure. From these it can
be concluded that when the J integral is high, the lattice pa-
rameters and angular deviation from the cubic structure is
high. In this work, the structure of (Co,Cu,Mg,Ni,Zn)O was
investigated to find the distortion due to exchange and mag-
netostriction through analysis of X-ray diffraction data and
spectroscopic measurements, and correlated to the magnetic
property through magnetic measurements. Distortion in the
structure due to magnetism is expected to decrease with the
crystallite size, as the exchange interaction decreases which
can also be observed as a decrease in theNeel temperature.[16]
However, in a few cases, the distortion has been observed to
increase with decrease in the crystallite size.[17, 18] In this
work, at an attempt has beenmade to explore and develop the
mechanism of distortion in theME-TMO (Co,Cu,Mg,Ni,Zn)O
high entropy oxide.
2. Materials and Methods
2.1. Experimental materials and synthesis process
Nickel (II) nitrate hexahydrate (99 %, Alfa Aesar), cobalt
(II) nitrate hexahydrate (99 %, Alfa Aesar), magnesium ni-
trate hexahydrate (99 %, Alfa Aesar), copper nitrate pen-
tahydrate (99 %, Alfa Aesar), zinc nitrate hexahydrate (99
%, Alfa Aesar), iron nitrate nonahydrate (99 %, Alfa Ae-
sar) were dissolved in de-ionised water to prepare the pre-
cursor solution at one molar concentration. The same pre-
cursor was used for all the three synthesis processes (RCP,
FSP andNSP). A brief description of the synthesis processes
are given subsequently, while the other details are available
elsewhere.[19]
In the FSP process, an ultrasonic nebuliser was used to
convert the precursor solution into a fine aerosol mist and
fed at the rate of 1 ml/min to a self-sustaining flame using
oxygen as a carrier gas. The flame was generated using a
diffusion burner in a chamber by using liquified petroleum
gas as the fuel and O2 as the combustion gas. The flow ratesof the gases were 30 sccm (standard cubic centimetres per
minute) of LPG and 15 slm (standard litres per minute) of
oxygen. The nebulised aerosol pyrolysed in the flame and
formed oxide by homogenous nucleation. Growth of the ox-
ide particles was suppressed due to the short residence time
in the flame and the particle quenched to room temperature
because of the high flow rate in the flame chamber main-
tained at a subambient pressure of 60 mm Hg by a pumping
system. The particles were collected by a suitable powder
collector unit. In the NSP process, the precursor solution
was nebulised under similar conditions as in the FSP and the
aerosol mist sent into a tubular furnace maintained at 1423
K. The NSP set-up was maintained at a pressure of 60 mm
Hg and powders collected by a filtering system. In the RCP
process, the precursor was added drop-wise to ammonia so-
lution maintained at a pH of 11, which was well above the
saturation pH of the individual constituent oxides, forming
a hydroxylated precipitate. The filtered precipitate was de-
hydrated in an air oven at 393 K for 8 hours and calcined in
a box furnace at a 1173 K for 30 mins.
2.2. Characterization
The synthesised powderswere characterised using a pow-
derX-ray diffractometer (Panalytical) fittedwith amonochro-
matic copper source operating at a current and voltage set-
ting of 30 mA and 45 kV respectively with a collection rate
of 0.02◦/20 s. Rietveld refinement was carried out using the
Fullprof software suite®. Peaks were fitted with Pseudo-
Voigt function. Background method used was linear inter-
polation of a set of data points. The refined parameters were
scale factor, background, lattice constants, FWHMand shape
parameters. Crystallite size was calculated from the X-ray
diffraction pattern using the Scherrer formula and the in-
strumental broadening was subtracted by using a standard Si
scan. Magnetic measurements were made using a SQUID
magnetometer (Quantum Design) from 5 K to 300 K at a
constant field of 500 Oe and M-H measurements were taken
from -70000 Oe to 70000 Oe at 10 K and at 300 Kwhile a vi-
brating sample magnetometer, VSM (Lakeshore, 7460) was
used for high temperaturemagneticmeasurements (from room
temperature to 900 K). Raman spectroscopy (Horiba Jobin
Yvon HR 800) was carried out using a 633 nm HeâĂŞNe
laser in the range of 200âĂŞ1800 cm−1. All the spectra
were the result of 20 accumulations with each lasting for 20
s. EPR (JEOL, Model JES FA200) was done in the X band
frequency at room temperature.
3. Results and discussion
3.1. Structural analysis
Till date, the crystal structure of themulticomponent sys-
tem (Co,Cu,Mg,Ni,Zn)O has been reported to be of the rock-
salt type (see, for example, Ref. 1,2,19). In the present study,
the X-ray diffraction patterns of the powders synthesised by
all three processes (FSP, NSP and RCP) still exhibit the char-
acteristic fingerprint peak positions of rocksalt/NaCl struc-
ture as shown in figure 1. Careful observation revealed a
minor asymmetry in all the peaks regardless of the synthe-
sis process used. However, the degree of asymmetry var-
ied with the process used for synthesis and was observed
to be the most prominent in the FSP process (which had
the least residence time) and the least in the RCP powders.
Originally, Sarkar et al.[19] had attributed the asymmetry to
a second rocksalt phase in case of the FSP process, which
was claimed to disappear on calcination at 1273 K for one
hour. But, on closer inspection it was seen that the asym-
metry had only reduced and not disappeared. By carrying
out Rietveld refinement of the X-ray diffraction patterns of
(Co,Cu,Mg,Ni,Zn)O, the asymmetry in the peaks was de-
convoluted. The asymmetry in the peak was a resultant of
peakswith nearby d-spacing and thewell-matched simulated
pattern showed that the structure belonged to the space group
(C 1 2/m 1) as observed for the monoclinic phase of NiO and
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Table 1
Monoclinic lattice parameters obtained from Rietveld refinement of XRD data and crystallite size of ME-TMO
Monoclinic lattice parameters
Process a (Å) b (Å) c (Å) 훽(◦) Cell volume (Å3) Distortion (%) Chi2 Crystallite size (nm)
RCP 5.191 2.993 2.996 125.206 38.070 0.171 2.06 81
NSP 5.191 2.998 2.992 124.929 38.191 0.488 1.52 25
FSP 5.192 2.994 2.997 124.670 38.356 0.916 1.70 15
Ideal cubic structurea 5.188 2.995 2.995 125.264 38.030 - - -
(Co,Mg,Ni,Zn)O -FSPb 5.182 2.993 2.996 124.902 38.109 0.626 1.58 33
a Cubic lattice parameter of (Co,Cu,Mg,Ni,Zn)O used to obtain the monoclinic lattice parameters is a=4.236 Å
b Cubic lattice parameter of (Co,Mg,Ni,Zn)O used to obtain the monoclinic lattice parameters is a=4.231 Å
Figure 1: XRD patterns and Rietveld refinement fits of
(Co,Cu,Mg,Ni,Zn)O powders synthesised by (a) FSP, (b) NSP,
(c) RCP and (d) (Co,Mg,Ni,Zn)O synthesised through FSP
(hkl planes are given in the supplementary table S1)
CoO.[9] The lattice parameters and the Rietveld fit values are
listed in table 1.
Any rocksalt cubic lattice can also be described in terms
of an equivalent monoclinic structure. If the asymmetry in
the peaks were to be ignored and the (Co,Cu,Mg,Ni,Zn)O
system considered as a pure rocksalt structure, the cubic lat-
tice constant works out to 4.23 Å, while the equivalent mon-
oclinic lattice parameters, a should have been 5.18 Å with b
and c each being 2.99 Å and angle 훽 = 125.264◦. (Lattice
parameter of a cubic lattice can be transformed to the mono-
clinic lattice parameters using trigonometric functions [9]).
Any deviation in these values is a clear indication of distor-
tion from the cubic lattice structure. The lattice parameters
listed in table 1, show the deviation in the transformed mon-
oclinic lattice parameters indicating a distortion in the struc-
ture. It is observed that the volume of the unit cell was the
highest in case of the FSP process and lowest in case of RCP,
showing higher distortion in the FSP powders. The distor-
tion in the structure can be also observed from the Raman
spectra shown in figure 2. The one phonon (1P) mode is ab-
sent in an ideal cubic structure and can be seen only in the
presence of defects or distortion in the structure (as observed
in NiO and CoO). The peak near 420 cm−1 was assigned to
1P TO mode. It can be noticed that the peak at 367 cm−1
was present only in the FSP sample, which could be due to
local vibration mode (LVM) caused by surface states.[20]
The peak at 935 cm−1 belonged to the 2P TO+LO vibra-
tion mode. The peak at 1090 cm−1 was attributed to the 2P
LO mode. The assigned vibrations were based on a struc-
ture with similar symmetry to the ME-TMO such as NiO or
CoO.[21, 22, 23] The peak near 1600 cm−1 was the magnon
mode, which hinted that the material was antiferromagnetic
(AFM) in nature.[24] Since it is well-established that the 1P
LO mode of vibration observed during Raman spectroscopy
is sensitive to the defect concentration in the material, the
LO mode was used in the uncertainty relation to quantify
the phonon lifetime from Eq. (1){Δ푥
ℎ
= 1
푡
}
. (1)
where t is the phonon lifetime, h is PlanckâĂŹs constant =
5.3 x 10−12 cm−1s, andΔx is the full width at half maximum
(FWHM) of the 1P LO mode in the Raman spectrum.[25]
The FSP powders had the shortest lifetime of 0.050 ps, while
the NSP powders had 0.051 ps and the RCP powders 0.059
ps. As the lifetime of the phonon decreases with increas-
ing defect concentration in the material, the FSP powders
had evidently the highest defect concentration while the RCP
powders had the least. This was attributed to the fact that the
residence time during RCP is the highest, thereby allowing
thematerial to form themost equilibrium structure withmin-
imal defect states.
The influence of antiferromagnetic (AFM) ordering was
analysed from magnetometry studies. The 휒-T plots of ME-
TMO synthesised by all the three processes showed antifer-
romagnetic behaviour at room temperature. Magnetic in-
teractions in a system cannot be explained in terms of the
rule of mixtures, as the interaction of an unpaired electron
of a cation with the empty orbital of a diamagnetic cation
would result in a ferromagnetic exchange interaction. This
has been observed in case of dilute magnetic semiconduc-
tors (DMS) where low dopant concentrations of transition
metal oxides (TMO) in non-magnetic oxides like ZnO and
MgO causes ferromagnetic interaction,[26, 27] but when the
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Figure 2: Raman spectra of (Co,Cu,Mg,Ni,Zn)O powders syn-
thesised by (a) FSP, (b) NSP and (c) RCP
dopant concentration is more than the percolation limit, the
distances between the dopant ions decrease and the interac-
tion becomes antiferromagnetic. All the possible dopant and
oxide combinations present in the system show antiferro-
magnetic behaviour beyond the percolation limit.[28, 29, 30]
Since 3 out of 5 (60 %) ions in the cationic sublattice of
the ME-TMO are magnetic, an AFM interaction can be ex-
pected. The reason for the lower âĂĲmonoclinicâĂİ sym-
metry could then be possibly explained by exchange striction
caused by spin alignment in the antiferromagnetic lattice of
NiO or CoO lattice planes.[9, 31] Here, the spins get ferro-
magnetically aligned in one plane and oppositely aligned in
the neighbouring plane. To reduce the interaction energy,
the plane with the parallel spins expands and the neighbour-
ing plane with the oppositely aligned spins contracts result-
ing in distortion in the structure. In case of NiO the plane is
[111] while it is [100] for CoO.[8, 12] The actual magnetic
anisotropy directions of NiO and CoO would play a rela-
tively insignificant role in the direction of the distortion in
the ME-TMO lattice as the cations are distributed uniformly,
and so, the effect of magnetic anisotropy would be different
from that in the intrinsic (unary) oxide. However, studies on
neutron diffraction of micrograin ME-TMO have reported
Jahn-Teller distortions due to the copper ions, but no mag-
netic distortion.[32, 33] If there is to be exchange striction in
the lattice, exchange interaction (J) should be high for the lat-
tice with greater distortion and will be reflected in terms of
a higher magnetisation (as the two are directly proportional).
To study the influence of exchange striction on the lattice
distortion, 1, 5 and 10 % iron was added to the ME-TMO to
increase the magnetisation and assess the distortion associ-
ated with it. The iron doped ME-TMOs were synthesised by
the RCP process. The RCP method was selected for synthe-
sis as it was the most equilibrium process and, furthermore,
the peak broadening during X-ray diffraction due to crystal-
lite size effect would be the least, implying that any effect on
the XRD peaks would be primarily because of distortion in
the lattice. Rietveld refinement of the X-ray diffraction pat-
terns are shown in figure 3, which confirmed a single phase
formation in each case. It was observed that the âĂĲcubic
lattice parameterâĂİ increased marginally with increased Fe
content and could not be explained only in terms of the pres-
ence of a proportional quantity of Fe+2 ions in the cation
sublattice as the ionic radius of Fe+2 (78 pm) is much higher
than the ionic radii of the other cations. This clearly implied
that some Fe was present in the cationic sublattice in the +3
oxidation state, whose ionic radius is much lower (56 pm).
M-H plots of Fe doped ME-TMO systems are shown in fig-
ure 4. Magnetic susceptibility at room temperature was cal-
culated from the M-H plots at higher magnetic fields and is
listed in table 2. It is observed that the magnetic susceptibil-
ity increased with increase in the iron content. On addition
of 1 % and 5 % Fe, the system displayed antiferromagnetic
behaviour, as a linear M-H trend was observed. However,
on addition of 10 % Fe to the ME-TMO system, a ferro-
magnetic component was clearly observed at a lowmagnetic
field. Ferromagnetic exchange interaction had resulted from
the decreased distance between the iron cations (due to the
larger Fe content) in the lattice. The lattice distortion (de-
termined by comparing the transformed monoclinic lattice
parameters with the ones obtained through Rietveld refine-
ment) increased with increasing iron content. This showed
that exchange striction played a significant role in causing
distortion in the structure. However, a comparison of the
magnetisation values for the same composition synthesised
by different processes revealed that the FSP powders, which
had the finest crystallite sizes, also had the lowest magneti-
sation at room temperature, but the highest distortion. Ev-
idently, when the crystallite sizes of the powders reduced,
other factors such as magnetic surface anisotropy started to
be of significance. These factors are addressed with further
investigations of the magnetic property of the system.
3.2. Magnetic behaviour from 5 K to 300 K
SQUID-VSM magnetic measurements were carried out
to understand the magnetic behaviour from 5 K to room tem-
perature and to find the effect of magnetic anisotropy. 휒-T
plots of ME-TMO synthesised by FSP, NSP and RCP are
shown in figure 5. The Weiss temperature obtained from
the magnetisation-temperature measurements by fitting the
Curie-Weiss (C-W) law was found to be negative in the full
range of measurement from 5 K to 300 K indicating that the
ME-TMO was antiferromagnetic (AFM) in nature up to 300
K. The fitted values of the Weiss temperature (휃) are listed
in table 3. Variation in theWeiss temperature (휃), below and
above the bifurcation temperature (T퐵푖푓 ) indicated the pres-ence of a magnetic transition at that point. Below T퐵푖푓 , the
휒-T curve was a sum of two antiferromagnetic susceptibility
components (indicated by the subscripts for the Curie con-
stant and the Weiss temperature) as shown in q. (2), in both
zero field cooled (ZFC) and field cooled (FC) measurements
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Figure 3: X-ray diffraction patterns with Rietveld refinement fits of the (Co,Cu,Mg,Ni,Zn)O powders doped with iron (a) 1 %,
(b) 5 % and (c) 10 % (hkl planes are given in the supplementary table S2)
Table 2
Parameters obtained from Rietveld refinement of XRD data and magnetic susceptibility of Fe-doped ME-TMO
Monoclinic lattice parameters
(Co,Ni,Mg,Cu,
Zn)1−푥Fe푥O
Cubic lattice
parameter (Å)
a (Å) b (Å) c (Å) 훽(◦) Monoclinic cell
volume (Å3)
Distortion Chi2 Magnetic susceptibility
(10−5 (emu g−1 Oe−1))
X=1 4.232 5.181 2.994 2.991 125.256 37.960 0.165 1.62 2.4
X=5 4.234 5.191 2.996 2.998 125.345 38.036 0.223 1.26 2.66
X=10 4.235 5.194 2.998 2.995 125.252 38.096 0.310 1.36 3.08
Figure 4: M-H plot of (Co,Cu,Mg,Ni,Zn)O system doped with
varying iron content
of the FSP and NSP powders:
휒 =
(
2퐶1
푇 − 휃1
+
2퐶2
푇 − 휃2
)
. (2)
The presence of two components in susceptibility can be
explained in terms of a core-shell model [34] and is analo-
gous to superparamangetism wherein the outer layer of the
nanoparticle has a different magnetic ordering compared to
the core due to the reduced co-ordination number on the sur-
face.
One component of themagnetic susceptibility ((2C1)/(T-
휃1)) had a high negative Weiss temperature (휃1) indicatinga strong AFM ordering as 휃 is directly proportional to the
exchange interaction (J), and originated from the core of the
crystallite. On the other hand, the other component ((2C2)/(T-
휃2)) was weakly antiferromagnetic, which was due to the
Figure 5: (a), (b), (c) shows the 휒-T plot of
(Co,Cu,Mg,Ni,Zn)O synthesied by FSP, NSP and RCP respec-
tively and fitted with Curie-Weiss law
presence of coupled antiferromagnetic and ferromagnetic (FM)
interactions in the shell of the crystallite. AFM ordering has
a negative J while FM ordering has a positive J, and hence,
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Table 3
Bifurcation temperature, anisotropic constant and parameters obtained from Curie-Weiss fits of 휒-T plots measured
from 5 K to 300 K and P푎푠푦 calculated from EPR spectroscopy
ZFCa FCa
Process 휃1(K) 휃2(K) 휃1(K) 휃2(K) T퐵푖푓 (K) K (erg/cm3) 휃(K)b P푎푠푦
FSP -1.97 -291.37 -2.16 -198.39 183 357452.2 -167.46 2.33
NSP -1.18 -263.64 -2.56 -196.03 165 69615.2 -173.17 2.02
RCP - - -11.80 -415.16 144 1787.2 -219.50 1.93
aWeiss temperature from 5 K to bifurcation temperature (T퐵푖푓 )
bWeiss temperature from bifurcation temperature (T퐵푖푓 ) to 300 K
the presence of FM exchange led to a decrease in the overall J
value which, in turn, resulted in a reduced value of theWeiss
temperature. Presence of ferromagnetism can be also con-
firmed from theM-H plot of the FSP powders at 10K (shown
in figure 7) as an âĂŸSâĂŹ type curvewith a change of slope
at the spin flop field around 10000 Oe. Since the M-H loop
did not saturate at high fields, the existence of both antifer-
romagnetic and ferromagnetic ordering in the system could
be deduced, which also supported the core-shell model.
The powders synthesised by RCP also showed a simi-
lar trend under FC conditions, but ZFC conditions showed a
non Curie-Weiss behaviour. To assess the presence of spin
glass behaviour, AC magnetic susceptibility measurements
were carried out which showed absence of frequency depen-
dence in the susceptibility measurement. This implied that
that spin glass behaviour was not present in the lattice. AC
magnetic susceptibility plot of the RCP powder is shown in
figure 6. On the other hand during FC conditions, in the pres-
ence of a magnetic field, ordering of the spins became pos-
sible and hence, a weak antiferromagnetic component was
present in the shell along with strong AFM ordering in the
core. However, the ferromagnetic exchange interaction in
the RCP powders was less compared to the FSP powders
which can be seen from the Weiss temperature value below
T퐵푖푓 .
Core-shell magnetic behaviour in both FSP andRCP pow-
ders was also confirmed from the presence of exchange bias,
[35] exhibited by the shift of theM-H loop towards the nega-
tive axis as seen in figure 7. The relative volumes of the core
and shell for the crystallites synthesised by FSP, NSP and
RCP were calculated from the deconvoluted susceptibilities
found from C-W law fits and correlated with the crystallite
sizes found from x-ray diffraction. It was estimated that the
FSP powders had 59.2 % of the volume as the shell, the NSP
powders had 23.5 % while only 1 % of the volume was the
shell in case of the RCP powders. The relatively larger pro-
portion of the shell volume in case of FSP resulted in a higher
magnetisation value below the T퐵푖푓 . Above T퐵푖푓 , however,for all the three powders, an antiferromagnetic behaviour
was obtained by describing the susceptibility by a simple
Curie-Weiss law. Among the three powders, the magnetisa-
Figure 6: AC magnetic susceptibility plot of
(Co,Cu,Mg,Ni,Zn)O synthesised through RCP process
tion of the FSP powders was found to be the lowest beyond
the blocking temperature. This observation was attributed to
the smaller size of the core, while the shell transformed from
ferromagnetic to paramagnetic behaviour above the blocking
temperature, as can be observed from the M-H plots at room
temperature. The coercivity was calculated using the Eq. (3),
{
퐻푐 =
퐻+ −퐻−
2
}
. (3)
where H+ is the switching field on the right side and H− on
the left side of the hysteresis loop.[36] H푐 of the FSP pow-ders was 122.6 Oe at 10 K, 241.5 Oe for NSP while that
for RCP was 319.5 Oe. Increased coercivity in the NSP and
RCP powders was attributed to the larger antiferromagnetic
core size. Presence of weak ferromagnetic behaviour in the
shell could be due to the canting of the spins, where the spins
do not cancel each other completely due to change in the an-
gle of the spins[37] or due to the presence of weak ferromag-
netism (FM) from uncompensated spins at the surface.[38]
Presence of ferromagnetism was observed from electron
spin resonance (ESR)/electron paramagnetic resonance (EPR)
spectroscopy. Figure 8 shows the ESR/EPR spectra for the
powders obtained from the three processes. Asymmetry of
the peak indicated the presence of magnetic anisotropy in the
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Figure 7: (a) shows M-H plot of (Co,Cu,Mg,Ni,Zn)O powders
at 10 K with inset showing exchange bias (b) shows M-H plot
of all the process at 300 K
Figure 8: Room temperature EPR spectra of
(Co,Cu,Mg,Ni,Zn)O synthesised through (a) FSP, (b)
NSP and (c) RCP powders
lattice while broadening showed the presence of ferromag-
netic interaction at room temperature. The hyperfine struc-
ture observed in the NSP powders indicated higher distortion
compared to RCP and the consequent lifting of orbital de-
generacy led to anisotropic g factors which were calculated
from the Eq. (4),[39]{
ℎ휇 = 푔훽퐻푟
}
. (4)
where h is PlanckâĂŹs constant, 휇 is the microwave fre-
quency, 훽 is the Bohr magneton radius and H푟 is the reso-nance magnetic field. In the case of FSP powders, the sharp
spike in EPR resonance indicates the presence of an increased
amount of carrier concentrations, where the electrons behave
as a Fermi gas, leading to narrow resonance.
Asymmetric features at a lower field shows the presence of
a ferromagnetic component.[40] Presence of spin canting
was analysed from the EPR measurements. As the general
Hamiltonian which describes the symmetric exchange can-
not account for canted spins, the antisymmetric exchange,
also known as the Dzyaloshinskii-Moriya interaction (D-M)
was considered. 푐 describes the Hamiltonian of the system
where weak ferromagnetic exchange could occur due to the
canting of the spins and is given in Eq. (5),{푐 = 퐃푖푗 ⋅ [퐒푖 × 퐒푗]} . (5)
where D푖푗 is the antisymmetric exchange vector, and S푖 andS푗 are the two neighbouringmagnetic spins of the interactingelectrons.[41] Spin canting occurs due to increasedmagnetic
anisotropy arising from the presence of cations with differ-
ent directions of easy axis or due to the surface anisotropy
induced by the synthesis process. Spin canting can be stud-
ied using D푖푗 , as it depends on the immediate symmetry sur-rounding two atoms in the lattice. When there is spin canting
in the lattice, anisotropy increases, which can be indicated
by the variation in D푖푗 , and is proportional to (g-2)/2. How-ever, resonance in case of powders from all three processes
did not occur at the same field strength and hence, it was not
possible to estimate the spin canting fromD푖푗 . Nevertheless,magnetic anisotropy can be estimated from P푎푠푦=(1-(h푢/h푙)),where h푢 is the height of the upper peak and h푙 is height ofthe lower peak.[42] Table 4 gives the values for each of the
synthesis processes. It can be seen that the FSP powders
had the highest magnetic anisotropy which was in agreement
with SQUID measurements.
Increasedmagnetic anisotropy in the FSP powders can be ex-
plained as follows. Typically in transition metal compounds,
the orbital angular momentum is quenched due to the crystal
field effect. On the other hand, in nanoparticles, the reduced
co-ordination number (because of the larger specific surface
area) leads to only partial quenching of the orbital angular
momentum, which, in turn, increases the surface magnetic
anisotropy in the material.[43] To reduce the surface mag-
netic anisotropy, spin canting takes place. Since the FSP
powders had the highest surface anisotropy due to the in-
creased specific surface area, it exhibited the highest bifurca-
tion temperature. Due to the increased magnetic anisotropy
at the surface, core-shell type of magnetic behaviour was ob-
served. Increased surface magnetic anisotropy also led to in-
creased magnetic stress in the material or domain formation
in the surface.[44] The repulsion between the magnetic do-
mains would have caused magnetostriction in the nanocrys-
talline ME-TMO and would result in greater distortion in the
crystal structure in case of the powders with the finer crys-
tallite sizes, as confirmed from analysis of X-ray diffraction
data. Figure 9 shows a schematic of the distortion mecha-
nism.
Table 4
Phonon life, magnon position from Raman spectra and J inter-
action calculated from VSM measurements
Parameter FSP NSP RCP
Phonon life (10−14 s) 5.03 5.12 5.91
Magnon peak position (cm−1) 1635 1604 1589
J interaction from Neel temperature (K) 197.64 196.80 173.18
Magnetic transition temperature (K) 703 700 616
Neel-Brown has developed the relation between magnetic
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Figure 9: Schematic of distortion from cubic to monoclinic
lattice
anisotropy and blocking temperature (T푏) as given by Eq. (6)
{
퐾 =
25푘푏푇푏
푉
}
. (6)
where K is the magnetic anisotropy, V is volume of the crys-
tallite calculated from the crystallite size obtained fromXRD
and k푏 is the Boltzmann constant.[38]
Bifurcation temperature can be considered to be the high-
est blocking temperature when there is a distribution in the
crystallite sizes.[45] The bifurcation temperatures obtained
in the present study are given in table 3 and was found to
be the highest for the FSP powders and least for the RCP
powders. Although, in general, the blocking temperature
decreases with a decrease in the crystallite size due to the
reduced co-ordination number,[45] in the present case a re-
verse trend was observed. Such behaviour of increase in the
bifurcation temperature has been exhibited by NiO nanopar-
ticles. [46] These phenomena can be explained in terms
of increased surface magnetic anisotropy leading to an in-
creased bifurcation temperature, as given by the Neel-Brown
equation (Eq. (6)) wherein the blocking temperature is di-
rectly proportional to the anisotropy. Magnetic anisotropy
(K) calculated from the Eq. (6) is given in table 3, confirm-
ing that FSP powders had the highest magnetic anisotropy in
agreement with the EPR result.
SQUID measurements confirmed the system to be anti-
ferromagnetic at room temperature. However, the Neel tem-
perature of the ME-TMO has been reported in the literature
as 113 K,[32, 33, 47] indicated by a cusp like feature in the
휒-T plot, while at the same time short range antiferromag-
netic ordering and magnetic excitation continued up to room
temperature.[33] The RCP powders showed a transition with
a cusp like a feature that was not as prominent as reported in
literature. On the other hand, the FSP and NSP powders did
not show any such transition. This could be attributed to
the crystallite size effect and increased defect states in the
FSP and NSP powders when compared to that synthesised
by RCP. Defect states, quantified from Raman spectroscopy,
showed that FSP powders had the highest defect state con-
centration while the RCP powders had the least. Exchange
interaction of the cations with metal vacancies leads to the
Figure 10: (a)-(c) show high temperature 휒-T plot of
(Co,Cu,Mg,Ni,Zn)O synthesised by FSP, NSP and RCP re-
spectively, and (d) shows 휒-T plot of NiO synthesised by NSP
stabilisation of antiferromagnetism above the reported Neel
temperature.
3.3. High temperature magnetic behaviour
Magnetic transitions above room temperature was char-
acterised by VSM measurements from 300 K to 800 K. 휒-T
plots, shown in figure 10, reveal sharp transitions at 703 K,
700 K and 612 K for the FSP, NSP and RCP powders re-
spectively. Curie-Weiss law fits indicated paramagnetic be-
haviour in all three cases confirming the transitions to be
the respective Neel temperatures for the powders. These
were even higher than that of bulk NiO (523 K) which has
the highest Neel temperature among the individual oxides
present in the system. Increase in the Neel temperature of a
material could arise due to the presence of increased defect
states. For confirmation, nanocrystalline NiO was synthe-
sised by NSP and 휒-T characterisation carried out (figure
10(d)). It can be seen that the Neel temperature of the syn-
thesised NiO was 700 K (much higher than the previously
reported 523 K) and arose from the increased defect states
created during synthesis. An increase in the Neel tempera-
ture has been reported in ball-milled NiO and Ni-doped in
TiO2.[48] In the case of MnO, increase in the Neel tempera-ture was attributed to the interactions of the spins with defect
states and the ferromagnetic shell with the AFM core.[43]
The other transitions observed below the Neel temperature
in figure 10 can be attributed to the transition temperatures
of Ni superexchange interactions with the other cations.
The J2 (next nearest neighbour) interaction was calcu-lated from the molecular field approximation relation,[49,
50] as given in the Eq. (7),{
푇푁 = 2퐽2[(푆퐶푢)(푆퐶푢 + 1)(푆푁푖)(푆푁푖 + 1)(푆퐶표)(푆퐶표 + 1)]1∕3
}
.
(7)
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where S is the spin of the electrons. The calculated values are
listed in table 4 where it can be seen that the exchange inter-
action was higher for the FSP and NSP powders when com-
pared to RCP. Since the magnetic anisotropy was also high
in the FSP powders, the structure had the highest distortion
at room temperature. The J2 interaction is directly propor-tional to the magnon peak position in the Raman spectra[51]
and the trend in the values of the magnon peak position with
respect to the process is similar to the J2 interaction values,which confirmed that FSP had the highest J2 interaction andNeel temperature.
3.4. Effect of Jahn-Teller distortion and
electronegativity
The distortion in the system could have also been caused
by other factors like the Jahn-Teller effect. Among the prin-
cipal constituents, only copper oxide shows Jahn-Teller dis-
tortion in its structure due to the crystalline field effect. BÃľrar-
dan et al.[4] showed that decreasing the copper content in
ME-TMO decreases the distortion in the structure. Rost et
al.[52] also showed a variation in the bond length near the
Cu cation. However, when copper was eliminated from the
parent ME-TMO and a (Co,Mg,Ni,Zn)O system was synthe-
sised by FSP, a distortion in the structure was, nonetheless,
evident from the asymmetry in the XRD peaks, as seen in
figure1(d). The lattice parameter deviation from the ideal
cubic structure is shown in table 1. Hence, it was surmised
that Jahn-Teller distortion introduced due to copper was not
the only source for variation from the cubic structure. An-
other fact to be considered is that each unary oxide has a
different bond length. The principal cations have different
electronegativities and so, the ionicities of the bonds would
vary. The bond length would be shorter for a covalent bond
when compared to an ionic bond and this variation would
cause the lattice to have a distorted structure[53] as well as
a volume striction in the lattice.
4. Conclusions
A phase-pure transition metal oxide based multicompo-
nent equimolar (Co,Cu,Mg,Ni,Zn)O system was shown to
have a distorted cubic or monoclinic structure rather than the
ideal rocksalt structure, regardless of the synthesis process.
Magnetic characterisation indicated that the distortion was
predominantly due to the presence of antiferromagnetism,
originating from the principal constituents such as NiO and
CoO. Addition of Fe to the lattice increased the distortion
due to exchange striction. It was shown that a smaller crys-
tallite size with increased number of defect states introduced
more uncompensated spin states, spin canting and partial
quenching of orbital momentum leading to varied magnetic
behaviour at the surface and the interior of the crystallite
resulting in a âĂĲcore-shellâĂİ magnetic behaviour. This
magnetic anisotropy resulted in the distortion of the cubic
lattice. Interaction of spin with the defect states also re-
sulted in a higher Neel temperature when compared to bulk
NiO which has the highest Neel temperature among the con-
stituent unary oxides. Presence of distortion in a system syn-
thesised without Cu implied that the Jahn-Teller effect was
not the only cause. Additionally, the varying ionicity and
length of themetal cation âĂŞ oxygen bondswould also con-
tribute to the observed volume striction in the lattice.
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